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Abstract: There is evidence that chloride (Cl—) can lead to both an improved hydration and water use
efficiency in plants due to its osmotic properties. The potato crop is widely assumed to be sensitive
to Cl—. This is based on studies which found tuber yield or tuber starch reductions following a Cl—
fertilization. However, there are also contradictory reports which could not find any detrimental
effect of Cl— fertilization on potato plant development. As potato is inefficient in the use of water, we
aimed to test if it is possible to improve the hydration status of potato without reducing tuber yield
and dry matter by means of Cl— fertilization. We conducted a pot experiment with four different Cl—
doses and investigated soil–plant water relations, biomass, tuber yield and dry matter development.
Our findings deliver an indication that the potato crop is much less sensitive to Cl— than previously
assumed and, more importantly, that a Cl— supply can indeed improve the potato shoot water
status. This happened without impairing tuber yield and dry matter. Since potato is very sensitive
to drought stress, we assume that Cl— fertilization is a promising measure to improve the drought
resilience of potato.
Keywords: potato; chloride; plant hydration; soil–plant water relations; tuber yield; tuber dry matter
1. Introduction
With regard to chloride (Cl—), glycophytic plants are subdivided into Cl— tolerant, in-
termediate Cl— tolerant, and Cl— sensitive plants [1]. The potato (Solanum tuberosum L.) is
widely assumed to be sensitive to Cl— [2,3]. Typical Cl— toxicity symptoms in glycophytic
plants are reductions in biomass of the whole plant, leaf necrosis or even leaf burning [4].
Such Cl— toxicity symptoms are frequently reported for glycophytic plants exceeding a
Cl— shoot concentration of 33 mg g dw−1 [1,4]. However, in a study by Hütsch et al. [5],
potato plants did not show any green biomass reductions, leaf necrosis or leaf burning
while reaching Cl— shoot concentrations of 65–74 mg Cl— g dw−1. The prevailing as-
sumption that the potato is sensitive to Cl— is derived from reports which showed that
Cl—-containing fertilizers reduce tuber yield [6], tuber dry matter [7] and specific gravity
or tuber starch concentrations [8]. However, there are also reports which did not find any
Cl—-related effect of a potassium-chloride (KCl) fertilization on tuber yield, dry matter or
starch when compared to a potassium-sulphate (K2SO4) fertilization [5,9,10]. One reason
why some studies reported about tuber yield, dry matter or starch reductions and others
did not could be the use of different cultivars that may respond differently to salt stress [11].
Moreover, divergent outcomes could be related to different agricultural management prac-
tices used in the studies, especially with regard to the water supply of the plant. Chloride
is easily prone to leaching [12], especially in sandy soils. Thus, it is likely that differences
in irrigation and differences between soil types may lead to different results with respect
to the impact of Cl— on potato. In addition, it matters if Cl— is applied in the immediate
vicinity of the plant, or whether it is distributed rather inaccurately over the field [13].
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While the authors found a decrease in tuber yield and starch concentrations (as estimated
by specific gravity measurements) from plots fertilized with KCl in the row, they could
not detect any effect of broadcast KCl fertilizer application. The plant certainly absorbed
more Cl— if the Cl— delivering fertilizer has been applied in its immediate vicinity. Each
of the mentioned factors are likely to influence the final amount of Cl— that is taken up
by the plant. However, all studies have in common that the above-ground biomass is not
negatively affected by Cl—.
Chloride is an essential micronutrient, thus, being required in very small quanti-
ties [14]. However, Cl— can accumulate in the vacuole of plant cells reaching concentrations
of a macronutrient, where it acts as an osmoticum [4]. In this context, there are reports of
beneficial functions of Cl— in a concentration range of a macronutrient, which is why Cl—
has even been referred to as beneficial macronutrient [15,16]. Franco-Navarro et al. [17]
reported about highly increased Cl— leaf concentrations (51.08 mg Cl— g dw−1) upon a
Cl— treatment in tobacco plants (Nicotiana tabacum L. var. Habana). This Cl— accumulation
resulted in a lower osmotic potential, increased water contents, and a lower transpiration
rate (without showing a decrease in CO2 assimilation) of leaves of these plants. Besides,
they found increased leaf sizes and shoot biomasses. These increases may be attributable to
the lower osmotic potential in the Cl— treated plants. An increase in turgor and water con-
tent likely led to increased cell expansion in the leaves caused by the osmotic properties of
Cl— that accumulated in these leaves. Finally, the authors reported an improved water use
efficiency (WUE) defined as the increase in plant fresh weight over time per accumulated
water consumption (g FW mL H2O–1).
These described osmotic properties, which lead to beneficial effects in plants, such
as an improved plant hydration status, may on the other hand also be the reason for the
above described negative effects such as lower tuber yields and tuber starch concentrations
reported in connection with Cl— fertilization in potato. Beringer et al. [18] stated that
only the KCl treatment lead to an alteration of sink and source strengths in the form of
an increased sink strength of the shoot over the tubers when comparing a fertilization
of potato with KCl and K2SO4. The authors found a lower osmotic potential in leaf
cell sap, an increased leaf water content as well as an increased shoot growth in Cl—
treated potato plants, similar to the findings as reported by Franco-Navarro et al. [17]. The
authors suggested that the increased shoot growth, which was induced by an increased
cell expansion due to the osmotic properties of Cl—, results in an increased consumption of
photo-assimilates of the shoots. This finally led to a lack of sucrose export to the tubers and
could be the reason for lower tuber yields or lower tuber starch concentrations upon a Cl—
supply. Tuber yield and tuber starch reductions, however, seems to depend on the amount
of Cl— taken up, as demonstrated by divergent outcomes of previously presented studies
which investigated the impact of Cl— fertilization on potato tuber and starch yields.
Restricted water availability results in severe tuber yield and quality reductions [19].
In 2018 in Germany, for instance, the tuber yields were reduced by 16% due to lacking
precipitation compared to the mean tuber yields of the years 2013–2017 [20]. In the course
of climate change, more frequent dry spells are expected in central Europe [21]. Thus far,
however, there are no sensible measures available that guarantee stable potato yields and
quality despite limited water availability. Therefore, motivated by the study by Franco-
Navarro et al. [17], which demonstrated that a Cl— supply can improve the WUE of tobacco
plants, the aim of the present study was to find out if a Cl— fertilization may also result
in an improved plant hydration status in potato. The study by Franco-Navarro et al. [17]
is based on an artificial semi-hydroponic system and only considers the effects of Cl— on
green biomass. Therefore, we extended our study to a soil-based system and focused on
a below-ground sink organ, namely the potato tuber, in addition to the green biomass
development. We aimed to answer whether it is possible to improve the plant hydration
status of potato with the help of Cl— fertilization but without reducing tuber yield and
tuber dry matter. Thus, we conducted a pot experiment with four different Cl— supplies
(0, 200, 400, and 800 mg Cl— kg−1 soil). We hypothesized that a moderate increased Cl—
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supply (200 or 400 mg Cl— kg−1 soil) to potato would (i) result in improved plant hydration
status without reduction in tuber yield and tuber dry matter, while (ii) a high Cl— supply
(800 mg Cl— kg−1 soil) still improves the plant hydration status but causes tuber yield and
tuber dry matter reductions.
2. Materials and Methods
2.1. Experimental Setup and Plant Growth Conditions
Potato plants of the cultivar Afra were grown individually in 6-L Mitscherlich pots
with an air dried and sieved (2 mm mesh) sandy soil (WRB-type: Albic Luvisol) in a
covered but translucent outdoor installation for 87 days. Further soil physical and chemical
parameters are given in Supplementary Table S1. Before planting, the soil was treated
with 0 mg, 200 mg, 400 mg or 800 mg Cl— kg soil−1 (á 4 replicates). Chloride was added
via CaCl2. The supply of further nutrients was 50 mg of potassium kg soil−1 via K2SO4,
100 mg of magnesium kg soil−1 via MgSO4, 400 mg of nitrogen kg soil−1 via KNO3, 200 mg
of phosphorus kg soil−1 via CaHPO4 × 2H2O, 2 mg of boron kg soil−1 via H3BO3, 2 mg of
zinc kg soil−1 via ZnSO4 × 7H2O, 6 mg of manganese kg soil−1 via MnSO4 × H2O, 3 of
mg iron kg soil−1 via Fe(III) EDTA, and 0.01 of mg molybdenum kg soil−1 via Na2MoO4.
For planting, mother tubers were pre-sprouted until sprouts had a length of approximately
1 cm. Only tuber pieces with one sprout were taken with the help of a melon spoon. Two
tuber pieces per pot were planted and a few days after plant emergence the weaker plant
was removed. The plants grew in a completely randomized design.
2.2. Measurements Describing Soil-Water Plant Relations
The whole plant transpiration, the relative leaf water content (RWC), and the soil
moisture were analyzed 40 and 47 days after planting (DAP). All measurements were
examined after irrigation which was carried out according to demand (meaning, when the
soil of the control plants was dry) with de-ionized water every second to third day. Hereby,
the given water amount was orientated on control plants and each plant received the
same amount of water. The water amount ranged from 100 to 300 mL per pot. The whole
plant transpiration was quantified by weighing each pot at three time points (9:30 a.m.,
12:30 p.m., and 15:30 p.m.). Prior to taking the weight of each pot, the soil was covered
with cling film and weighted down with gravel in order to exclude water loss from
the soil via evaporation. It was assumed that the weight loss of the pots between the
measurement times was caused by water loss through transpiration. The determination
of RWC was conducted as described in González and González-Vilar [22] based on the
original method by Barrs and Weatherley [23]. The method can be used as an indicator for a
water deficit in leaves as it compares the initial and the turgid water content. For the RWC
determination, leaf discs of older fully developed but not senescent leaves (please also see
section “Relative leaf chlorophyll concentrations” for how older leaves were identified in
this study) were taken.
The soil moisture was recorded with a HH2 Moisture Meter (Delta-T Devices Ltd.,
Cambridge, UK).
Finally, the whole plant water content was determined at harvest (87 DAP) by taking
the weight difference of fresh and dry weight of the whole shoots.
2.3. Biomass Recording, Tuber Yield and Tuber Dry Matter
During the plant growth period, the plant height was determined with a folding ruler
at seven different times from 21 until 64 DAP. The plant height was noted at the highest
point of the plant starting from the soil surface of the used Mitscherlich pots. The plant
was measured as it had grown, so it was not elongated.
At harvest (87 DAP), shoots were cut directly above the soil, the fresh weight was
taken and the shoots were dried at 105 ◦C for three days. Following this, the shoot dry
matter was assessed.
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The tuber yield and tuber number were determined by separating the tubers from the
soil, stolones and roots. Subsequently, the tubers were counted and their fresh weights
were recorded.
For the assessment of the root biomass, the roots were washed out of the soil using a
sieve with a mesh size of 0.63 mm. The coarser roots were removed from the sieve using
tweezers. The residue was re-suspended in water and finer roots were separated with
tweezers. The obtained roots were dried at 105 ◦C for three days and dry root weights
were taken.
For the determination of dry matter, three medium-sized tubers of each pot were
taken, cut into equally large pieces, and their fresh weight was examined. Subsequently,
the tuber pieces were dried at 60 ◦C for 24 h and then at 105 ◦C for 4 h in a drying chamber
and the dry matter (%) was calculated.
2.4. Leaf Chloride Analyses
Chloride was measured in older and fully developed, but not senescent, leaves 52 DAP.
The leaves were dried at 60 ◦C for three days in a drying chamber and grounded in
a ball mill (Schwingmühle MM 400, Retsch, Haan, Germany) at a frequency of 30 for
60 s. 20 mg of dried and homogenized material was dissolved in 1 mL of 0.1 M HCl.
The samples were centrifuged at 23 ◦C and 25,000× g for 30 min. The supernatant was
transferred to a centrifugal filter (PES, MWCO 3 kD, VWR, Monroeville, PA, USA) and
centrifuged at 8000× g and 23 ◦C for 60 min. After filtration, the samples were diluted
20 times with deionized water and analyzed using the Metrohm ECO IC system, with a
Na2CO3/NaHCO3 gradient over a Metrosep A Supp 17 150/4.0 column with a flow of
0.7 mL/min.
2.5. Relative Leaf Chlorophyll Concentrations
The relative leaf chlorophyll concentrations were assessed using a portable chlorophyll
meter (SPAD-502, Minolta, Japan) in young and old leaves at four different times from
35 until 56 DAP. With regard to the division into young and old leaves, it should be noted
that no generally valid division into young and old plant parts is possible in the case of
potato, since new leaves are emerging in each part of the plant throughout the whole
growth period. Finally, older as well as younger leaves can basically be found in each part
of the plant. However, most of the time, old fully developed leaves are mainly located in
the lower part, while young still developing leaves are usually rather located in the upper
part of the plant [24].
2.6. Statistics
Statistical analyses were performed using the R software version 4.0.2 2020. First,
a suitable statistical mixed model was defined. The data were assumed to be normally
distributed and to be heteroscedastic due to the different levels of “chloride treatment”,
“sampling date”, and “leaf age”. This assumption is based on a graphical residual analysis.
The statistical model included “chloride treatment”, “sampling date”, and “leaf age” as
well as all their interaction terms (two-fold and three-fold) as fixed factors. The plant (and
the sampling date, nested in plant) was regarded as a random factor. Based on this model,
a Pseudo R2 was calculated and an analysis of variances (ANOVA) with following multiple
contrast tests was performed [25,26].
3. Results
3.1. Soil–Plant Water Relations
Plants with a Cl— supply of 800 mg Cl— kg soil−1 transpired significantly less compared
to both plants supplied with 200 mg Cl— kg soil−1 and control plants (0 mg Cl— kg soil−1)
(Figure 1A). Nevertheless, these plants (supplied with 800 mg Cl— kg soil−1) had a relative
leaf water content similar to that of all other Cl— treatments, including the control plants
(Figure 1B). In addition, pots which received a Cl— fertilization of 800 mg Cl— kg soil−1
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showed a significantly higher soil moisture (Figure 1C). Furthermore, at harvest, the
plants supplied with 800 mg Cl— kg soil−1 had significantly higher shoot water contents
(Figure 2A).
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Figure 1. The effect of increasing chloride (Cl—)-fertilization on plant and soil water relations. Transpiration per plant (A),
RWC (B), and soil moisture (C) at 40 d ys (above) and 47 days (bel w) after planting. Plants were treated with four
Cl— supplies: 0 mg Cl— kg soil−1 (control plants); 200 mg Cl— kg soil−1; 400 mg Cl— kg soil−1; 800 mg Cl— kg soil−1.
Mean ± SE values; n = 4. Different lowercase letters indicate significant differences between Cl— treatments determined by
multiple contrast test. No given letter means there was no sig ificant effect. Levels of significance: p < 0.05; * = p < 0.1.
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Figure 2. The effect of increasing chloride (Cl—)-fertilization on leaf chloride concentrations, shoot biomass, and shoot
water content. Shoot water content at harvest (87 d ys after planting) (A), leaf Cl— concentrations 52 days after pl nting
(B), representative phenotypes of plants being treated by 0 or 800 mg Cl— kg soil−1 (folding rule: 62 cm) at 42 days after
planting (C), and shoot biomass at harvest (D). Plants were treated with four Cl— supplies: 0 mg Cl— kg soil−1 (control
plants); 200 mg Cl— kg soil−1; 400 mg Cl— kg soil−1; 800 mg Cl— k soil−1. Mean ± SE values; n . ifferent lowercase
letters indicate significant differences between Cl— treatments determined by multiple contrast test. Levels of significance:
p < 0.05; * = p < 0.1.
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3.2. Above- And Belowground Biomass
The plants supplied with 800 mg Cl— kg soil−1 showed mean Cl— leaf concentrations
of 88 ± 13 mg Cl— g dw−1 (Figure 2B). These Cl— leaf concentrations were significantly
higher compared to control plants which exhibited on average 28 ± 3 mg Cl— g dw−1.
Since no Cl— was fertilized, this Cl— originates from the soil. No plants had any leaf necro-
sis or growth reductions (Figure 2C). Of note, plants supplied with 800 mg Cl— kg soil−1
exhibited a significantly higher shoot biomass compared to all other Cl—-treated plants
(Figure 2C,D). However, plants supplied with 800 mg Cl— kg soil−1 showed lower
biomasses until approximately day 30 after planting. This is witnessed by the lower heights
of these plants compared to all other Cl—-treated plants (Figure 3A). Later, plants supplied
with 800 mg Cl— kg soil−1 were the highest. The relative leaf chlorophyll concentrations
(estimated by the SPAD value, Figure 3B,C) showed an opposite trend. Plants supplied
with 800 mg Cl— kg soil−1 had the lowest relative chlorophyll concentrations. Significant
differences in the relative chlorophyll concentrations between young and old leaves only
occurred in the control and in 200 mg Cl— kg soil−1-supplied plants (Figure 3B,C).
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Figure 3. The effect of increasing chloride (Cl—)-fertilization on plant height and relative leaf chlorophyll concentrations.
Plant height at seven different times during the growth period from day 21 to day 64 afte planting (A) and relative
chlorophyll concentrations indicated by the dimensio less SPAD value in young (B) and old le ves (C) at four different ti s
during plant growth from 35 until 56 days after planting. Plants were treated with four Cl— supplies: 0 mg Cl— kg soil−1
(control plants); 200 mg Cl— kg soil−1; 400 mg Cl— kg soil−1; 800 mg Cl— kg soil−1. Mean ± SE values; n = 4. Different
lowercase letters indicate significant differences between Cl— treatments at one time point and one plant age (young or old
leaves) determined by multiple contrast test. Levels of significance: p < 0.05.
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The different Cl— treatments did not show a significant effect on root biomass
(Supplementary Figure S1).
3.3. Tuber Yield, Dry Matter and Tuber Number
The tuber yield, the tuber dry matter, and the tuber number were not significantly
affected by the Cl— treatment (Figure 4). However, there was a trend of a smaller number
of tubers in plants supplied with 400 mg Cl— kg soil−1 and 800 mg Cl— kg soil−1 when
compared to the other two treatments (Figure 4C).




Figure 3. The effect of increasing chloride (Cl―)-fertilization on plant height and relative leaf chlo-
rophyll concentrations. Plant height at seven different times during the growth period from day 21 
to day 64 after planting (A) and relative chlorophyll concentrations indicated by the dimensionless 
SPAD value in young (B) and old leaves (C) at four different times during plant growth from 35 
until 56 days after planting. Plants were treated with four Cl― supplies: 0 mg Cl― kg soil−1 (control 
plants); 200 mg Cl― kg soil−1; 400 mg Cl― kg soil−1; 800 mg Cl― kg soil−1. Mean ± SE values; n = 4. 
Different lowercase letters indicate significant differences between Cl― treatments at one time 
point and one plant age (young or old leaves) determined by multiple contrast test. Levels of sig-
nificance: p  <  0.05. 
 
Figure 4. The effect of increasing chloride (Cl―)-fertilization on tuber yield, tuber dry matter and 
tuber number. Tuber yield (A), tuber dry matter (B), and tuber number at harvest (C) (87 days 
after planting). Plants were treated with four Cl― supplies: 0 mg Cl― kg soil−1 (control plants); 200 
mg Cl― kg soil−1; 400 mg Cl― kg soil−1; 800 mg Cl― kg soil−1. Mean ± SE values; n = 4. No indica-





































0 mg Cl― kg soil−1 
2 0 mg Cl― kg soil−1 
4 0 mg Cl― kg soil−1 
8 0 mg Cl― kg soil−1 















0 mg Cl― kg soil−1 
200 mg Cl― kg soil−1 
400 mg Cl― kg soil−1 
800 mg Cl― kg soil−1 
35 42 49 56 35 42 49 56
0 mg Cl― kg soil−1 
2 0 mg Cl― kg soil−1 
4 0 mg Cl― kg soil−1 
8 0 mg Cl― kg soil−1 
Young leaves Old leaves




































































































mg Cl― kg soil−1 
200 400 800 0
mg Cl― kg soil−1 
200 400 800 0
mg Cl― kg soil−1 
200 400 800
A B C
Figure 4. The effect of increasing chloride (Cl—)-fertilization on tuber yield, tuber dry matter and tuber number. Tuber
yield (A), tuber dry matter (B), and tuber number at harvest (C) (87 days after planting). Plants were treated with four Cl—
supplies: 0 mg Cl— kg soil−1 (control plants); 200 mg Cl— kg soil−1; 400 mg Cl— kg soil−1; 800 mg Cl— kg soil−1. Mean ±
SE values; n = 4. No indication means there was no significant effect.
4. Discussion
Our findings can confirm the initially formulated hypotheses that a Cl— fertilization
can lead to an improved plant hydration status in potato. However, contrary to our expec-
tation, this was only true in plants supplied with the highest amount of Cl—, namely plants
supplied with 800 mg Cl— kg soil−1. These plants transpired significantly less compared to
the control plants and plants supplied with 200 mg Cl— kg soil−1 (Figure 1A). Still, plants
supplied with 800 mg Cl— kg soil−1 had a RWC similar to that of all other Cl—-treated
plants (Figure 1B). Furthermore, at harvest, the plants supplied with 800 mg Cl— kg soil−1
had the significantly highest shoot water contents (Figure 2A), which further demonstrates
that these plants had an improved hydration status. In addition, the high Cl— fertilization
significantly increased soil moisture (Figure 1C). This also suggests that the highly Cl—-
fertilized plants (800 mg Cl— kg soil−1) transpired less because they still had a sufficient
hydration status, as evidenced by the relative leaf water contents (Figure 1B). The lower
transpiration rate is likely the result of an increased synthesis of abscisic acid as a conse-
quence of a Cl—-induced apoplastic alkalinization [27]. This in turn leads to a stomata
closure and thus to a lower transpiration rate [27]. The fact that plants supplied with
800 mg Cl— kg soil−1 still had a sufficient hydration status can be explained by the osmotic
properties of Cl—: the Cl— accumulation found in the leaves of the higher Cl—-fertilized
plants probably resulted in a decrease in the osmotic potential leading to an increase in the
water content in leaves, which is an often-reported observation caused by Cl— in plants [4].
Due to this, the plants supplied with 800 mg Cl— kg soil−1 were able to use the available
soil water more efficiently compared to the other treated plants, while they exhibited a
higher soil moisture. These data indicate that a Cl— fertilization in advance of an expected
soil water shortage could be effective in maintaining plant water status. However, this
needs to be tested and this could also depend on the cultivar.
The increased water content in leaves in turn stimulates cell extension growth, lead-
ing to larger leaf cell sizes [17]. This cell growth stimulating effect of Cl— was probably
the reason that resulted in increased shoot growth of the plants in the present study
(Figure 2C,D and Figure 3A). Besides, the lower relative chlorophyll concentrations in
plants supplied with 800 mg Cl— kg soil−1 (Figure 3B,C) may be attributed to this cell
growth stimulating effect as cell expansion driven by Cl— may dilute chloroplast concen-
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tration. Franco-Navarro et al. [17,28] 2019) likewise attributed the increased WUE in their
study to this anatomical change caused by Cl—. They observed a lower stomatal density
due to enlarged leaf cells, resulting in a lower stomatal conductance, which also may cause
a decrease in transpiration rate. Although the authors found a lower transpiration rate in
Cl—-treated plants, they did not observe a decrease in CO2 assimilation. This is explained
by an increased mesophyll diffusion conductance to CO2 due to an increased surface area
of chloroplast. Finally, the improved mesophyll diffusion conductance to CO2 was able
to compensate the lower stomatal conductance [28]. Similar findings were reported by
Cui et al. [29] recently in Pugionium cornutum—a xerophytic desert plant being widely
distributed in Central Asia and belonging to the family of Brassicaceae. We assume that
similar osmotic adjustments took place in potato in the present study, causing a decreased
transpiration (Figure 1A) but without impairing photosynthesis and the partitioning of
photoassimilates to the tubers as we could not find significant reductions in tuber yield
or tuber dry matter (Figure 4A,B). The dry matter and the starch concentration of a tuber
are usually closely related as starch is the major component of the dry matter in a potato
tuber [30]. Thus, the dry matter of a tuber is indicative for its starch concentrations.
Plants, supplied with 800 mg Cl— kg soil−1, had lower biomasses shown by the lower
plant heights (Figure 3A) in the first weeks of plant growth. A delayed crop emergence
and plant growth following a Cl— fertilization was also reported by Van Loon and Van
den Berg [7]. In addition, the authors reported about reduced dry matter in tubers of
Cl—-treated plants. However, in the present study, the initial delay in crop growth seems
to have been compensated by the later increased biomass development (Figure 2C,D and
Figure 3A) as we did not observe any reduction in tuber yield or dry matter (Figure 4A,B).
Finally, the present study can show that a Cl— fertilization can not only improve the
plant hydration status in potato but can also achieve this without reducing tuber yield, dry
matter and likely also starch concentration. However, in contrast to initial expectations,
both were only the case under the highest Cl— supply. Likewise, Hütsch et al. [5] did
not find any reduction in tuber yield or tuber starch after Cl— supply. However, the
authors treated their plants with a considerably lower Cl— dose, as in the present study.
Hütsch et al. [5] supplied their plants at maximum with 150 mg Cl— kg soil−1.
The plants supplied with 800 mg Cl— kg soil−1 had mean Cl— leaf concentrations of
88 ± 13 mg Cl— g dw−1 (Figure 2B) without showing any toxicity symptoms (Figure 2C).
Thus, similar to Hütsch et al. [5] and Franco-Navarro et al. [17] the Cl— leaf concentra-
tions of plants supplied with 800 mg Cl— kg soil−1 were above Cl— leaf concentrations
(33 mg g dw−1) often believed to cause toxicity in glycophytic plants [1,4]. These results
further indicate that the general opinion that potato is sensitive to Cl— must be questioned.
Still, it cannot be excluded that a higher Cl— supply above 800 mg Cl— kg soil−1 would
have caused a reduction in tuber yield or tuber dry matter.
From previous studies it is known that high Cl— concentrations in soil solution lead
to antagonistic uptake interactions with other anions such as nitrate or phosphate, thus
resulting in lower nitrate or phosphate concentrations in the plant [15,31]. This leads to a
reduced use efficiency of the respective anion as it is available in lower concentrations. In
contrast, Rosales et al. [32] suggest that high Cl— concentrations may increase the nitrate
use efficiency in plants. The explanation for this is that both Cl— and nitrate share few
similar physiological functions in plants and under high concentrations both nutrients
accumulate in the vacuole [15]. Contrary to nitrate, Cl— is not metabolized in plants
thus showing lower energy costs [32]. Therefore, Rosales et al. [32] argue that higher Cl—
concentrations and vacuolar storage reduce the vacuolar compartmentation of nitrate. This
may lead to a higher availability of nitrate for other metabolic processes and thus increase
its use efficiency. Likewise, in the present study, the nitrate leaf concentrations revealed
a decreasing tendency with increasing Cl— supply (Supplementary Figure S2; this was
not statistically approved). The phosphate concentrations did not show a clear tendency
(Supplementary Figure S2).
Agronomy 2021, 11, 736 9 of 10
Plants, supplied with 800 mg Cl— kg soil−1, showed in tendency a lower number
of tubers per plant (Figure 4C). Besides, the number of tubers per plant showed a lower
variation. As there was no change in tuber yield in dependence of the Cl— treatment
in the present study (Figure 4A), the lower number of tubers indicates that tubers of
plants supplied with 800 mg Cl— kg soil−1 turned out bigger. Smaller tuber sizes are
often reported when potato tubers experienced a period of drought stress [33]. This is,
for instance, a problem for the potato processing industry such as for fries, where specific
tuber sizes are required. Thus, a Cl— fertilization may be a tool to overcome such quality
losses as a consequence of drought stress periods.
5. Conclusions
Our hypotheses that increased Cl— supply improves plant hydration without impair-
ing tuber yield is confirmed. Moreover, results first show that the assumption that the
potato is sensitive to high amounts of Cl— is not always true. In contrast, it can positively
improve potato shoot water status without impairing tuber yield. This could be positive
under progressive soil drying. This, however, awaits experimental clarification.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11040736/s1, Table S1: Soil physical and chemical parameters. Potassium (K),
magnesium (Mg), and phosphorus (P) are given in mg 100 g−1 soil. Total carbon (Ct) and total
nitrogen (Nt) are given in %., Figure S1: The effect of increasing chloride (Cl—)-fertilization on
root biomass. Plants were treated with four Cl—-supplies: 0 mg Cl— kg soil−1 (control plants);
200 mg Cl— kg soil−1; 400 mg Cl— kg soil−1; 800 mg Cl— kg soil−1. Mean ± SE values; n = 4. No
indication means there was no significant effect. Figure S2: The effect of increasing chloride (Cl—)-
fertilization on leaf nitrate (NO3−; left side) and phosphate (PO43−; right side) concentrations. Plants
were treated with four Cl—-supplies: 0 mg Cl— kg soil−1 (control plants); 200 mg Cl— kg soil−1;
400 mg Cl— kg soil−1; 800 mg Cl— kg soil−1. Mean ± SE values; n = 4. No indication means there
was no significant effect.
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